Correlated firings among neurons have been extensively investigated; however, previous studies on retinal ganglion cell (RGC) population activities were mainly based on analyzing the correlated activities between the entire spike trains. In the present study, the correlation properties were explored based on burst-like activities and solitary spikes separately. The results indicate that: (1) burst-like activities were more correlated with other neurons' activities; (2) burst-like spikes correlated with their neighboring neurons represented a smaller receptive field than that of correlated solitary spikes. These results suggest that correlated burst-like spikes should be more efficient in signal transmission, and could encode more detailed spatial information.
INTRODUCTION
All visual information sent to the central nervous system is transmitted through spike activities of retinal ganglion cells (RGCs) . Previous studies have shown that not every retinal spike fired by RGC can evoke action potential in its postsynaptic target neuron(s) (Usrey et al., 1999; Sincich et al., 2007) , and that retinal spikes with a short inter-spike interval (ISI) (generally ≤ 30 ms) are more efficient to drive corresponding lateral geniculate neurons to fire (Hirsch et al., 1998; Rowe and Fischer, 2001; Sincich et al., 2007) . On the other hand, correlated firing activities were observed among RGCs (Brivanlou et al., 1998; Schneidman et al., 2006) , and it was suggested that RGCs might encode visual information in a dynamic population way (Schnitzer and Meister, 2003; . Although correlated activities among RGCs have been extensively studied, previous studies on RGC population activities were mainly based on the entire spike trains. Moreover, firing activities within a spike train are not evenly distributed, and a recent spiking history usually has effective influences on the cell's successive firing activities (Pillow et al., 2008; Liu et al., 2011) . In the present study, we explored the correlated firings of single neuron's activities with different ISIs, and examined the physiological significance of spikes with a short ISI.
Population RGCs' activities in response to pseudorandom checker-board flickering were recorded via multi-electrode arrays (MEA). Spike activities were classified into two categories: (1) burst-like spikes (with ISI < 30 ms) and (2) solitary spikes (with ISI ≥ 30 ms). For both parts, correlation index (CI), which indicates the degree of one cell's firing activity in correlation with its neighbor neurons, was calculated for each individual cell being investigated. It was found that, for a single spike train, those spikes with a short ISI were with a higher probability being correlated with its adjacent neurons as compared to the solitary spikes. In addition, burstlike spikes correlated with other cells represent a smaller receptive field as compared to correlated solitary spikes, suggesting that burst-like spikes encode more detailed visual information. and correlation strength is very weak when the distance is bigger than 300 μm (Liu et al., 2011) . So in this paper, we only consider correlation activities between two neurons with their distance less than 300 μm.
Spike activities in each train were classified into two categories: burst-like spikes and solitary spikes (Fig. 1) . Raster plot shows that within a single spike train, the burst-like spikes were more likely to be correlated with the spikes fired by its adjacent neurons (Fig. 2) . To examine the correlated firing properties related to these two kinds of spike activities quantitatively, correlation indices were calculated for both parts separately. Results of 48 neurons from 3 retinas are plotted in Fig. 3A , which shows that burst-like spikes in a spike train were more likely to be correlated with other neurons' firing activities as compared to solitary spikes (burstlike: 0.22 ± 0.14, solitary spikes: 0.17 ± 0.11, p < 0.05) (Fig. 3B) .
Cross-correlogram analysis based on burst-like and solitary firing activities
The CI provides general statistical results that burst-like spikes are more likely to be correlated with other neurons' activities as compared to the solitary ones. To further look into the details of the correlated firing structure of these two different parts, cross-correlogram analysis was applied (Fig.4) . The Raster plot in Fig. 4A shows part of two spike trains; Fig. 4B (left panel) illustrates the cross-correlogram of the two firing sequences A and B; cross-correlograms calculated based on solitary and burst-like spikes are also displayed (middle and right panels). The cross-correlogram calculated using burst-like spikes has a larger central peak value as compared to that calculated using solitary spikes, which suggests that the firing activities were more correlated with its neighboring RGCs when the neuron fired burst activities. Besides, the cross-correlogram based on burst-like spikes has bigger side peaks at a time lag of 5-10 ms, which may suggest stronger common input from an amacrine cell to the couple of ganglion cells via gap junction (Brivanlou et al., 1998) .
Considering that the central/side peaks are both within ± 10 ms in the cross-correlogram, while the CI values were estimated with a resolution of 20 ms in our analysis, bigger central/side peaks in cross-correlogram for burst-like spikes may account for the bigger CI values. Results plotted in Fig. 5 clearly show that burst-like spikes have bigger side peak values as well as central peak values.
Receptive field represented by correlated firings
It was previously reported that correlated firings are related to better spatial resolution (Meister et al., 1995; Schnitzer and Meister, 2003; . Given that burst-like spikes were more correlated with the neighboring neurons' activities as compared to solitary spikes, we further examined whether or not a neuron's burst-like spikes being correlated with its neighboring neuron's activity represent smaller receptive fields. Totally 16 neurons from 3 retinas were investigated. Our results show that for each individual cell, the receptive field area estimated using burst-like spikes being correlated with one of its adjacent cells represents smaller receptive field center as compared to that estimated using all the burst-like spikes (Fig. 6A) ; correlated solitary spikes also represent smaller receptive fields than the whole solitary spikes sequence (Fig. 6B) . Furthermore, as plotted in Fig. 6C burst-like spikes being correlated with other cells also represent smaller receptive fields than those solitary spikes correlated with others, which may implicate that burst-like spikes could encode more detailed spatial information than solitary spikes.
DISCUSSION
In the present study, we investigated correlated activities among RGCs related to burst-like spikes and solitary spikes, and found that burst-like spikes were more frequently correlated with other neurons' activities. Further analysis suggests that correlated burst-like activities could encode more detailed spatial information of visual scenes.
The significance of correlated firings among neurons
Correlated firing activities among neurons have been extensively studied (DeVries, 1999; Shlens et al., 2008; and it has been well accepted that concerted firings among neurons play an important role in retinal information processing. First, one of the characteristic features of the retina is that the number of retinal ganglion cells is the fewest among all kinds of neurons in the visual pathway (Barlow, 1981) . The anatomy limitation makes it impossible that ganglion cells act as independent channels for visual information processing. So they might need to work together to encode visual stimulation. Multi-neuron recordings have shown that nearby ganglion cells of similar functional types have a strong tendency to fire in synchrony (Meister, 1996) and they can associate rapidly into different functional groups in response to various stimuli (Neuenschwander and Singer, 1996) . The number of these dynamic groups is far beyond the number of retina ganglion cells. In this case, information transmission can be more sophisticated and efficient. Second, correlated activities of retinal neurons drive their common post-synaptic neurons in lateral geniculate nucleus (LGN) more effectively and efficiently because of spatial summation (Usrey et al., 1998; . Third, it is also reported that correlated activities are related to some specific functions of retina, such as color discrimination (Chen et al., 2004) and motion detection (Schwartz et al., 2007) .
Burst-like spikes of a neuron are strongly correlated with its neighbors' activities
We calculated the ganglion cells' CI values with a temporal resolution of 20 ms, and found that burst-like activities of a neuron were more likely to be in correlation with spikes of its adjacent neurons.
There are three types of correlations according to the peak range in the cross-correlogram: broad (40-100 ms), medium (10-50 ms) and narrow ( < 1 ms) correlation. They were attributed respectively to shared signal from photoreceptors, shared excitation from amacrine cell via gap junction and exciting each other via gap junction (Brivanlou et al., 1998) .
Protein & Cell Given the time resolution of 20 ms, the CI value is mainly related to the correlated activity mediated by gap junctions (Brivanlou et al., 1998) . Gap junctional connectivities, either among ganglion cells or between amacrine cells and ganglion cells, could result in correlated firings (Brivanlou et al., 1998; DeVries, 1999) . Given that the gap junctional conductance is dependent on the voltage difference between the cells (Bloomfield and Völgyi, 2009 ), burst-like activities of one neuron are more likely to excite its neighboring neurons via gap junction as compared to solitary spikes (Snider et al., 1998) . This may account for the result that burst-like activities had bigger CI values.
Physiological significance of burst-like spikes
Correlated firings have been reported to represent smaller receptive fields (Meister et al., 1995; Schnitzer and Meister, 2003; . Our results indicate that burst-like spikes being correlated with other cells represent a smaller receptive field size, as compared to that represented by those solitary spikes being correlated with other cells, which suggests that correlated burst-like spikes help to improve spatial resolution. Although the mechanism underlying these phenomena is still not thoroughly understood, the physiological significance of burst-like spikes is quite clear.
Temporally, burst-like spikes could serve as stronger input to post-synaptic neurons, making information transmission more efficient and reliable (Lisman, 1997) . Spatially, burst-like spikes are more likely to be correlated with other cells' activities (Liu et al., 2011) , and correlated firing is also considered as a good way to improve the information transmission from retinal ganglion cells to their post-synaptic neurons (DeVries, 1999; Usrey et al., 1999; Sincich et al., 2007) . Besides, correlated burst-like spikes represent smaller receptive fields, which contributes to detailed information encoding. These results imply that correlated burst-like spikes should be more efficient in signal transmission, and could encode more detailed spatial information. 
MATERIALS AND METHODS

Experiment
Surgery
The bullfrog was dark adapted for at least 30 minutes before experiment and then double pithed; its eyes were enucleated under dim red light. Separated eyeball was hemisected, with the eyecup being cut into small pieces, and the retina was then isolated carefully (Jing et al., 2010a) . All procedures strictly conformed to the humane treatment and use of animals prescribed by the Association for Research in Vision and Ophthalmology.
Electrical recording
Multi-channel recording is a good way to study population neuronal activities (Meister et al., 1994; Jin et al., 2005; Wang et al., 2010; Yang et al., 2010) . In our experiments, neuronal activities were recorded extracellularly via MEA (MMEP-4, CNNS UNT, USA) consisted of 64 electrodes (with diameter being 8 μm) arranged in an 8 × 8 matrix with 150 μm tip-to-tip distances between adjacent electrodes horizontally and vertically. After surgery, a small patch (4 mm × 4 mm) of isolated retina was placed on MEA with the ganglion cell side contacting the electrodes. The oxygenated (95% O 2 and 5% CO 2 ) standard perfusate contained 100.0 mmol/L NaCl, Protein & Cell Recorded signals were firstly amplified through a 64-channel amplifier (MEA workstation, Plexon Inc. Texas, USA) and were sampled at a rate of 40 kHz for each channel and then stored in a Pentium-IV-based computer. Signals were high-pass filtered at 200 Hz to get rid of field potential. Timing signals of visual stimulus were also recorded and stored in the computer. Spike sorting was performed using the method proposed by Zhang et al. (Zhang et al., 2004) , as well as the spike-sorting unit in the commercial software OfflineSorter (Plexon Inc. Texas, USA). Only single-neuron events clarified by both spike-sorting methods mentioned above were used for further analyses.
Visual stimulation
In the frog retina, RGCs can be classified into four subtypes based on their response properties: dimming detectors, sustained contrast detectors, net convexity detectors and moving-edge detectors (Lettvin et al., 1959) . Light-Off stimulus evokes Off-sustained spike discharges in the dimming detectors but elicits only a few spike discharges transiently in other cell subtypes (Ishikane et al., 2005) . Light stimulus was applied via a computer monitor (Iiyama, Vision Master Pro 456, Japan) and was focused to form a 1.1 mm × 1.1 mm image on the isolated retina through a lens system (Jing et al., 2010a) . Dimming detectors could be identified according to their light responsiveness. In the present study, only dimming detectors were selected for further analyses.
In order to study correlation characteristics of neuronal activities, pseudo-random checker-board which consisted of 16 × 16 subsquares was displayed on the computer monitor and refreshed at a frame rate of 20 Hz (Fig. 7) . Each sub-square covered an area of 66 μm × 66 μm on the retinal piece and was assigned a value either "+ 1" (white light, 77.7 nW/cm 2 ) or "−1" (dark) following a pseudorandom binary sequence. Duration of the flickering stimulation and data collection was lasted for 300 s (Liu et al., 2011) . Experiments were performed on 3 retinas.
Data analysis
Correlation Index
For a spike train A, its correlation strength with another spike sequence B can be calculated as follows (Liu et al., 2011) . Initially both spike trains A and B were transformed into "0-1" sequences with resolution of 20 ms, with "1" indicating spike(s) in a bin and "0" for none. By multiplying binned sequences of A and B, we obtained a combined sequence AB; Correlation strength is defined as:
where P AB is the probability of "1" in combined sequence AB, and P A and P B are the probabilities of "1" in sequences A and B respectively. The CI value for sequence A was calculated as the mean value of all correlation strength values involving A:
where M is the number of adjacent neurons in cell A's neighboring area with a radius of 300 μm. This range is chosen because when the distance between two neurons is beyond 300 μm, their correlation strength is very weak (Liu et al., 2011) . To study correlated firing related to burst-like spikes (with ISI < 30 ms) and solitary spikes (with ISI ≥ 30 ms) respectively, each spike sequence under investigation was separated into two sub-sequences-the burst-like spike train and solitary spike train (Fig. 1) , and then the correlation index was estimated for these two parts separately.
Cross-correlogram
Correlation strength between a pair of neurons was also estimated by cross-correlogram. Within a pair, spikes in one selected sequence were successively taken as reference; for each reference spike, we examined its counterpart spike train in a time window of ± 40 ms, centered by the reference spiking time; we marked timing for each spike in the window. Finally all time windows were summed, generating an accumulated histogram, which indicates relationship between two examined sequences. The accumulated histogram was normalized by the number of spikes in the reference sequence.
Receptive field
The ganglion cells' receptive field properties were estimated via spike-triggered average (STA) method proposed by Meister et al (Meister et al., 1994; Jing et al., 2010b; Liu et al., 2011) . The receptive field size was quantified as the number of contiguous sub-squares (arbitrary unit, a.u.) within the contour line at the level of 70% of the minimum negative value. Figure 7 . An example frame of checkerboard stimulation. Checker-board was consisted of 16×16 sub-squares. Each subsquare covered an area of 66 μm × 66 μm on the retinal piece and was assigned a value either "+ 1" (white light, 77.7 nW/cm 2 ) or "−1" (dark) following a pseudo-random binary sequence.
